When L929 cells were treated with interferon and subsequently with poly(rI).
Toxic effect of double-stranded RNA 555 interferon ' and poly(rl) .poly(rC). The percentage of protein remaining was determined as the ratio of the protein content in set (t) to the mean of the protein content of the three sets of control cultures. A low value implies a high toxic effect.
Cell synchrony. Cells (t.5 x lO 6 per Petri dish) were incubated in growth medium containing 2"5 mM-thymidine for 2o h (Lee & Rozee, ~97o) . The cultures were washed free of thymidine and growth medium containing 20o units/ml interferon or an equivalent dilution of 'mock-interferon' was added for ro h. The second thymidine block was then applied, with interferon or 'mock-interferon' again present in the medium. After 18 h the cultures were washed and growth medium containing interferon or 'mock-interferon' replaced. Cultures were taken as required and either labelled with 5 #Ci/ml 3H-thymidine for r 5 rain, or washed free of serum and treated with poly(rI).poly(rC) for 4 h before washing and estimating the protein content.
Cell enucleation was carried out as described by Veomett et al. 0976) . X-ray irradiation. A Siemens Gammatron 3 Cobalt 6o therapy unit was used.
RESULTS

The toxic effect
The toxic effect was routinely quantified by estimating the total protein adhering to the plastic or glass 4 h after treatment with poly(rI).poly(rC). Comparison of the results obtained by this method with those obtained by counting cells excluding trypan blue, and by the neutral red uptake method gave the same answer: only in cultures treated with both interferon and with poly(rl).poly(rC) was the toxic effect expressed, and only in these cultures was interferon formed. All the methods also showed that not all the cells were killed when treated with interferon followed by poly(rI).poly(rC). The mean loss of protein was 43"6%+ ro.2% (mean and standard deviation of 2z experiments), while measurement of the number of cells excluding trypan blue showed that the number fell to about 25 % of that of controls and measurement of the colony-forming ability of the remaining cells showed that only about 4 ~o of the total cells were capable of forming viable colonies. The difference between these values probably reflects the stringency of the criteriacolony formation is a much more sensitive assay for cell viability than exclusion of trypan blue.
It was possible that the presence of the remaining viable cells was due to insufficient interferon or poly(rl).poly(rC), or to insufficient time for the toxicity to develop. The effect of varying these parameters was therefore investigated. Increasing the concentration of interferon up to 20o00 units/ml or of poly(rl), poly(rC) up to zoo #g/ml did not increase the extent of the toxic effect, nor did the use of Penicillium chrysogenum dsRNA in place of poly(rI), poly(rC). Exposure to a second dose of poly(rl), poly(rC) at 4 h did not increase the toxic effect. The effect was therefore not specific for_po_ly(r!).poly(rC ). It was also possible that not all the ceils had responded to the interferon. However, all the cells were protected from Semliki Forest virus infection, as judged by fluorescent antibody staining of infected cells 5 h after infection. Nor was the incomplete toxicity due to the use of impure interferon, since, when IOO units/ml of highly purified interferon were used, similar results were obtained. The effect of longer times was next investigated. Measurement of the number of cells excluding trypan blue at different times after treatment with poly(rI). poly(rC) showed that the effect was almost maximal at 4 h (data not shown). Measurement of the colony-forming capacity of the cells as a function of time showed that the depression in colony-forming ability was detected almost immediately after poly(rl) • poly(rC) treatment and did not increase thereafter -presumably because the cytotoxic effect developed during incubation of the cells and prevented development of the colony (data not shown). We concluded that the presence of the resistant fraction was due to a real difference in the response of individual cells.
The nature of the material lost from the lysed cells was next investigated. Even though about 4 ° % of the total protein was lost from the cultures treated with both interferon and poly(rI).poly(rC), the DNA:protein ratio of the remaining material remained constant (data not shown), suggesting that all the components of the lysed cells were lost. The loss in protein also paralleled the loss in protein-synthesizing capacity and the reduction in amino acid pool size (data not shown). Further, since no intact cells could be detected in the culture fluids by an electronic particle counter or by examination of the pellet obtained by centrifugation of the culture medium, it was concluded that the loss of protein, DNA and other cellular functions, was due to cell death and release of cellular components into the medium.
Interferon induction
The kinetics of interferon formation were measured in cells treated with both interferon and poly(rI).poly(rC). About half of the interferon was formed during the first 4 h, but measurement of the rate of production by repeated replacement of the medium showed that interferon was still being made as late as 6 and 7 h after addition of poly(rI) • poly(rC) (data not shown). When t h e cell debris, removed at 4 h, was incubated for a further 2o h, no detectable interferon was formed. The first appearance of interferon in the medium thus coincided with the period of cell destruction, but since it continued after the toxic effect had reached its full extent, the interferon.formed after 4 h must have been made in the resistant cells. This means that the surviving fraction of viable cells could not be due to the presence of cells which did not react with poly(rI), poly(rC) as, if this were so, they would not have made any interferon. Whether the cells that were sensitive to the toxic effect produced any interferon could not be determined, since the two populations of cells could not be separated before the toxic effect was evident.
Viability of the resistant population
The effects of treatment of the cells on RNA and protein synthesis were measured by pulse-labelling with 3H-uridine and 3~S-methionine at intervals (Fig. i) . In cells treated with both interferon and poly(rI), poly(rC) there was a parallel and rapid decrease in both acid-soluble and acid-insoluble radioactivity, reflecting the lysis of the cells due to the toxic effect (Fig. x) . Nevertheless, the remaining cells still synthesized RNA and protein and if the rates were adjusted to allow for cell loss, they were similar to those in control cultures. For example, in another experiment the specific activity of the RNA labelled between 3 and 3"5 h was 684, 5oi, 838 and 694 ct/min//~g protein for treatments (I), (2), (3) and (4) respectively, at a time when 46 % of the cell protein had been lost.
Longer term viability of the cells was shown by removing the cells at 7 h by trypsinization and reseeding them in fresh medium at low density. The cells which had been treated with interferon and poly(rI).poly(rC) grew at the same rate as controls (data not shown).
Biological basis for the two populations
Attempts were made to determine whether the difference between the two populations was due to genotypic factors. First, a survey of the sensitivity of other mouse cell lines showed that another line of L ceils was equally sensitive, but that NIH Swiss 3T3, PYS-z, SV4o-C12 and LTP cells showed no toxic effect. It was also shown that LA9 cells (a mutant line of L929, isolated by Littlefield, I964) were no more sensitive than L929 cells, a similar resistant fraction being observed. This suggests that a resistant population is present in poly(rC). At various times after treatment, the medium was removed and replaced by methioninefree medium containing 5/~Ci/ml a~S-methionine and zo p, Ci/ml ~H-uridine for 30 min at 37 °C, TCA-soluble and TCA-insoluble fractions were prepared and 35S and aH radioactivity measured for duplicate cultures. Cells were treated with interferon and poly(rl).poly(rC) ( 0 --0 ) ; interferon alone ( © ---©); 'mock interferon' and poly(rl), poly(rC) (W--l); or 'mock interferon' None (E]---J3). (a) 35S-TCA-soluble radioactivity; (b) aH-TCA-soluble radioactivity; (c) a~S-TCAinsoluble radioactivity; (d) 3H-TCA-insoluble radioactivty.
both lines. Second, the size of the resistant population did not vary with the passage level of a single line of L929 cells tested over a period of more than a year. Third, resistant cells were trypsinized 7 h after treatment with interferon and poly(rI).poly(rC), grown for 4 days and then re-tested for the toxic effect. There was no difference in the extent of toxicity between these cells which had survived treatment with interferon and poly(rI), poly(rC) and control cells. This suggested that the property of resistance to the toxic effect of interferon and poly(rI).poly(rC) treatment was a constant characteristic o f the ceils, and there was no selection of resistant cells. Two types of phenotypic variation were investigated; a variation dependent on cell density and one that was dependent on cell cycle functions. There was no relationship between the cytotoxic effect and cell density. Confluent cells showed a 48 % loss of protein, while sparser cultures (containing about one-sixth of the total cells present in a confluent culture) showed a 6 o % loss. Cells were synchronized by the double thymidine block procedure and tested at various stages of the cell cycle. Interferon was present at all times until the cultures were treated with poly(rI).poly(rC) so that the only variable was the stage of the cell cycle at which the dsRNA was added. The cell cycle was monitored by DNA synthesis (Fig. 2a) and the peak of mitosis occurred at 6 to 8 h. Throughout the cell cycle the toxic effect lay within Io % of that of the unsynchronized controls (Fig. 2b) . It is clear that there is no dependence on the cell cycle for the expression of the cytotoxic effect. Stewart et al. (I973b) and De Clercq & De Somer (I975) showed that the toxic effect developed despite the presence of cycloheximide or actinomycin and concluded that neither protein nor RNA synthesis was required. We have investigated whether the development of the toxic effect required cell division by using X-ray irradiated cells. Cells were irradiated with different doses of X-rays before overnight treatment with interferon. They were then either challenged with EMC virus or with poly(rI).poly(rC). The results (Table I) showed 
The effect of X-rays on the cytotoxic effect and on interferon formation and action
Effect of X-ray irradiation on interferon (IF) action, interferon induction and the development of the toxic effect
Effects of p o l y ( r I ) , poly(rC) t r e a t m e n t p, r X-ray dose E M C yield I n t e r f e r o n yield T o x i c effect (protein (rads)
T r e a t m e n t (p.f.u./ml) (log 10 u n i t s / m l ) c o n t e n t as % that up to 3000 rads irradiation had no effect on interferon action (since the yield of EMC was still depressed), interferon production, or the development of the toxic effect. A separate experiment showed that a dose of 2o0o rads completely inhibited cell division.
Effect of cell enucleation
When cells are enucleated by centrifugation in the presence of cytochalasin B, they lose their capacity to make interferon (Burke & Veomett, I977) and also to respond to interferon (Radke et al. I974) . It was therefore of interest to determine whether the cell nucleus is necessary for the development of the toxic effect. First, it was shown that enucleation was essentially complete by (i) counting stained cells; fewer than t % nucleated cells remained and (ii) by determining the yield of interferon compared with that from suitable controls; the interferon yield was less than 1% of the control value. When cells were enucleated after I8 h interferon treatment, but I h before treatment with poly(rI).poly(rC), the toxic effect developed as usual; amount of protein remaining 4 h after addition of the poly(rI). poly(rC) was 3o % (27 % in a second experiment) of that in cells which had been enucleated as compared with 46 % remaining in the case of the controls. It was therefore concluded that the nucleus was not necessary for the expression of the toxic effect.
Cells were then enucleated before interferon treatment, which was then followed IO h later by poly(rI), poly(rC) treatment. Enucleated cells showed no toxic effects, 93 % of the cell proteins remaining, while in the case of control cells only 52 % remained. When enucleated cells were challenged with EMC after interferon treatment, interferon treatment failed to protect them, whereas it reduced the yield in nucleated cells 2oo-fold. Thus enucleation prevented the development in response to interferon of both the antiviral state and also of the toxic effect due to poly(rI), poly(rC). It was concluded that the nucleus was essential during the period of interferon treatment for the toxic effect to be shown.
D I S C U S S I O N
When either LA9 or L9~9 cells were treated with interferon and dsRNA, most died rapidly but a significant proportion of the cells remained viable. The proportion of sensitive cells could not be increased by increasing the dose of interferon or dsRNA, or by a longer period of incubation. The remaining cells were viable by all the tests that were used. They continued macromolecular synthesis at the same rate as control cells, could be grown up and passaged, and formed colonies. In all ways tested, they appeared to be identical to control cells.
